Chitin and chitosan are widely found in nature. Chitin can be obtained from fungi and in the lower animals. Chitosan can be derived from chitin. The process of chitosan derivation from chitin is called deacetylation. Chitosan is non-toxic, odourless, biocompatible in animal tissues and enzymatically biodegradable. It has found many applications in the fields of cosmetics, wound healing, dietetics and waste-water treatment. Chitosan holds many promising potentials, but its inability to dissolve in many of the common solvents has restricted its application. Hence, chitosan has been modified, and there are now many derivatives of chitosan. In the current chapter, we discuss chitosan and only the phthaloyl chitosan derivative. Their applications in several electrochemical devices are also discussed.
linear polysaccharide also has the ability to form thin films, is resistant to chemical attack, has electrolytic properties, easy to cross-link or modify and has antibacterial property [5] [6] [7] .
Chitosan has found uses in waste-water processing [8, 9] , medicine for wound healing and dietetics [10, 11] , agriculture [12] , reverse osmosis, food industry [13] [14] [15] and also in cosmetics [16] [17] [18] . In this article, emphasis is on chitosan and chitosan-derived materials as hosts for ionic conduction.
The utilization of chitosan in energy devices depends on its chemical and mechanical properties. Chitosan films are good liquid absorbers. Thus, chitosan can achieve good ionic conductivity when immersed in liquid electrolytes. This is important for energy storage devices. However, when swollen, chitosan becomes less stable.
A chitin monomer has an amide functional group, HNCOCH 3 , the infrared (IR) transmission peak is located at 1650 cm −1 . This has been partially replaced by the amine functional group, when chitin was deacetylated. The IR peak for the -NH 2 group is located at 1590 cm −1 in the chitosan spectrum. There is only one -NH 2 functional group in the chitosan monomer. The nitrogen atom in the amine group is an electron donor. So is the oxygen atom in the hydroxyl (-OH) functional group. There are two -OH groups in each monomer [19] . The free amine and hydroxyl functional groups allow chitosan to be altered chemically for specific applications. The -NH 2 group provides attachment for coordination or chelation of cations from organic/ inorganic salts. Coordination of, for example, LiCF 3 SO 3 [20] with N atom of the reactive functional group enables the formation of complexes that can function as an electrolyte material. Chitosan has a carboxyl group at 1650 cm −1 and NH 3 + peak at 1514 cm −1 . According to Ritthidej [21] , the NH 3 + peak can disappear from the spectrum on storage of the film.
Chitosan has good film or membrane-forming ability. This is an advantage since most of the polymer electrolytes are prepared in film form via the solution cast technique [20, 22] . In forming a polymer electrolyte film, the cation of the salt must coordinate electrostatically with the electron donor atom of the polymer. The chitosan-based electrolyte films are homogeneous and have high mechanical strength [23, 24] .
According to Sakurai and co-workers [24, 25] , chitosan is not a totally amorphous polymer. From wide angle X-ray diffraction (WAXD), it is observed to be partially crystalline. These authors, however, did not investigate the effect of adding salt or plasticizer to chitosan. Alves et al. [26] reported that pure chitosan has a broad band centred at 2θ ≈ 20.6° and X-ray diffraction (XRD) patterns change with salt addition. This band implies the amorphous structure of the chitosan-based electrolytes indicating that the polymer chains are essentially disordered. The XRD patterns also exhibited changes depending on the salt concentration. According to Kurita et al. [27] , a fully deacetylated chitosan is even more amorphous than that deacetylated up to 95%.
Muzzarelli has reported that chitosan decomposes in air at elevated temperatures [28] . The glass transition temperature, T g , of the chitosan biopolymer was successfully observed by Sakurai and co-workers [25] . Using differential scanning calorimetry (DSC), they reported T g at 203°C. According to Dong et al. [29] , chitosan has a T g between 140 and 150°C. The re-searchers also found that the number of alkali treatments or the degree of deacetylation of chitosan does not influence the T g . As mentioned above, in swollen form, chitosan loses its mechanical strength. To overcome this, chitosan has been blended, cast in multilayers or added with inorganic/organic supports. Even then, its utilization is still restricted because of its poor solubility in many of the common Chitosan and Phthaloylated Chitosan in Electrochemical Devices http://dx.doi.org/10.5772/65656 305 solvents such as alkali, organic solvents and water. Hence, to make chitosan soluble in other solvents, it needs to be modified. This can be done by several processes such as acylation and phthaloylation. Phthaloylation is discussed here. Phthaloyl chitosan dissolves in dimethylsulfoxide (DMSO), dimethylacetamide (DMAc), dimethylformamide (DMF) and pyridine [30] .
Unlike chitosan, the IR spectrum of phthaloyl chitosan exhibits characteristic peaks at 719, 1708 and 1772 cm −1 . Proton NMR (Nuclear Magnetic Resonance) exhibits peaks at 3.0 and 7.5 ppm [30] . Aziz et al. [31] reported that the diffractogram of phthaloyl chitosan showed only one broad peak at around 2θ = 18°. Phthaloyl chitosan can be considered as chitosan stripped off its hydrogen atoms, except for the hydrogen in hydroxyl group. It is therefore less rigid than chitosan since inter-and intra-hydrogen bonding have been removed. In the synthesis of phthaloyl chitosan, chitosan and phthalic anhydride were refluxed for 6 h between 100 and 120°C in dimethylformamide (DMF) and nitrogen environment. The temperature was then reduced to 60°C, and the mixture was left overnight. To precipitate out the product, the solution was poured into iced water. The product, N-phthaloyl chitosan (PhCh), was then washed with ethanol and dried in vacuum at 60°C. The synthesis process is shown in Figure 1 . The chemical structures of chitin, chitosan and phthaloyl chitosan are shown in Figure 2 .
Ionic conductivity
An important characteristic that any electrolyte should have is high ionic conductivity especially at room temperature. In polymer electrolytes, ionic conductivity is attributed to the motion of cations and anions of the doping salt. However, in polymers, both crystalline and amorphous phases exist and ionic conductivity can only occur in the amorphous phase. Hence, if the electrolyte is more amorphous, then more ions can be conducted through the enlarged amorphous region and the conductivity enhanced. The increased amorphousness of the electrolyte can be achieved through several ways. One such way is through doping the polymer with salt. Depending on the salt concentration, some portion of the crystalline phase of the polymer can be disrupted. Increasing the salt concentration can increase amorphousness, but to a certain extent. It has been observed that beyond a particular salt content and for a fixed polymer mass, the salt cannot be totally dissolved in the polymer, and the X-ray diffractogram showed peaks due to the salt [32] .
The amorphousness of the electrolyte can also be increased by adding additives such as plasticizers and inert fillers. The plasticizers should have a high dielectric constant and low viscosity. The high dielectric constant helps to dissociate the salt into ions and probably also to dissociate contact ions. The low viscosity is required to promote ion mobility, which will be reduced if the viscosity of the plasticizer is high. The two additives also provide additional pathways for ionic conduction and this is manifested in the smaller activation energy or pseudo-activation energy of the chitosan (Ch) and PhCh ionic conduction hosts. Table 1 lists representative of the conductivity value of some plasticized Ch-and PhCh-based electrolytes.
According to Croce et al. [34] , plasticization can ensure conductivity of polymer electrolytes to achieve appreciable values at ambient temperature. However, plasticization deteriorates the mechanical strength of the ion-conducting medium. Plasticization can also increase the electrolyte's reactivity towards lithium metal anode. The authors have also shown that inert metal oxides such as Al 2 O 3 , SiO 2 and TiO 2 can act as solid plasticizers or fillers to enhance ionic conductivity without sacrificing dimensionality of the electrolyte. The fillers must be inert to the contents of the polymer electrolyte. Xiao et al. [35] have investigated the influence of multiwall carbon nanotubes (MWCNTs) on chitosan/cellulose. Conductivity was enhanced on addition of MWCNT. To our knowledge, works concerning filler addition to Ch-and PhChsalt complexes are scarce. Thus, this could be another area of research that could be carried out to complement work on electrolytes based on Ch and PhCh. [36] . The high H + conductivity can be attributed to the sulfonic acid groups and the presence of the polar groups in PhCh.
Azzahari et al. determined the conductivity of PhCh-iodide-mixed salt (LiI, CsI and BMII) gel polymer electrolyte systems using the method of electrochemical impedance spectroscopy [37] . They have also predicted the conductivity of the systems using response surface methodology and artificial neural network. The authors showed that artificial neural network gave a better prediction than response surface methodology.
Ionic transport in polymer electrolytes can be explained using the Lewis acid-base reaction theory [38] . In this theory, bases donate electron pairs and acids accept them. The oxide and hydroxide groups on the filler provide additional sites (apart from the heteroatoms in the polymer chain) for interaction with the cations of the salt and indirectly form conduction paths for the transport of ions via Lewis acid-base interactions between the O/OH groups on the surface of the filler and the ionic species. Dissanayake et al. [39] and Jayathilaka et al. [40] have demonstrated this concept through the conductivity enhancement of the electrolytes with the addition of fillers.
Transference number measurement (TNM)
Transference number is a parameter indicating as to how much an ionic species contribute to the overall conductivity of the electrolyte. Knowing the transference number, one can tell whether the major contributor towards the conductivity is the cation or anion. It can be expected and proven that chitosan-based polymer electrolytes are ionic conductors. Osman et al. [22] reported that the conductivity of a chitosan electrolyte comprising LiCF 3 SO 3 as the ion source and ethylene carbonate (EC) as the plasticizer was in the order of 10 −3 S m −1 . The ionic transference number obtained was 0.9. Aziz et al. [31] also measured the TN of PhCh-NH 4 SCN.
Although these electrolytes are ionic conductors, it is vital to know, for some applications, whether the major contributor to the overall conductivity is the cation or anion. Work on this aspect for Ch-and PhCh-based electrolytes is scarce although there are some reports on the subject [41] . For battery application, it is appreciated that these electrolytes be major cationic conductors and for dye-sensitized solar cells (DSCCs) with I − /I 3− redox mediators, I − transport is more important than the cation transport.
Application in electrochemical devices
Ch and PhCh have been used to host ionic conductivity in batteries, supercapacitors, dyesensitized photovoltaics and fuel cells. Critical review on Ch as integrative biomaterial for microdevices has been done by Koev et al. [42] . Here, we discuss application of the Ch and PhCh materials in the electrochemical devices.
Chitosan in batteries
Some battery characteristics fabricated with Ch-based electrolytes are listed in Table 2 .
Jia et al. [46] developed a Ch electrolyte that was incorporated with a biocompatible choline nitrate [Chl][NO 3 ] ionic liquid that possessed negligible vapour pressure, low viscosity and flammability as well as high ionic conductivity and electrochemical stability. They have demonstrated a compact bio-battery system with the use of this thin-film gel chitosan-choline nitrate electrolyte. A magnesium alloy anode and a polypyrrole-para(toluene sulfonic acid) cathode were used. Some characteristics of the cell are listed in Table 3 . It was reported that the gel electrolyte was also mechanically robust. [57] Ch/Cs 2 -PTA-5 wt.% 0.6 1.1 × 10 10 5.6 × 10 −11 [49] Ch flakes --3.1 × 10 −10 (20°C) [58] Ch/15 wt.% mordenite/30 wt.% sorbitol/60 --4.9 × 10 −11 [59] Ch-40 wt.% HO 3 SY 2.07 2.3 × 10 10 9.04 × 10 −11 [60] Ch-zeolite 1.75 1 × 10 −10 [61] Ch/PMA 1.5 5.6 × 10 10 2.7 × 10 −11 [62] GS-Ch/PVP 2.4 7.3 × 10 −12 [63] CGS-12/Nafion 112 7.5~2 × 10 11 (25°C)~4 × 10 −11 [64] Ch/SHNT 1.88 (25°C) 2 × 10 10 9.2 × 10 −11 [65] Ch/sodium alginate Apart for application as host for ionic conductors, chitosan was also used as a binder material for battery cathodes. Prasanna et al. [47] have investigated the potential of Ch as a binder material for the fabrication of cathode in lithium ion batteries. The cathode-active material was LiFePO 4 . The cathode fabricated with chitosan binder showed a high ionic conductivity compared to the LiFePO 4 cathode with poly(vinylidene difluoride) binder. The lithium ion cell fabricated with the cathode using chitosan binder also exhibited a discharge capacity higher than the cell with poly(vinylidene difluoride) binder by ~32 mAh g− 1 . The capacity retention after 30 cycles for the cell with chitosan binder was ~98.4% and that of the cell with PVDF binder was ~85%.
Chitosan in electrical double-layer capacitors (EDLCs)
Arof et al. [48] have prepared an electrolyte for electrical double-layer capacitor (EDLC) study. The electrolyte comprised a chitosan/iota (i)-carrageenan-blended polymer with H 3 PO 4 as the proton source and plasticized with poly(ethylene glycol) (PEG). The highest conducting sample has conductivity of 6.29 × 10− 2 S m −1 at room temperature. This electrolyte contained equal amounts of chitosan and i-carrageenan (37.5% by weight), 18.75 wt.% H 3 PO 4 and 6.25 wt.% PEG. This electrolyte was used as separator cum electrolyte in an EDLC. The discharge showed stability for 30 cycles.
Apart from being used to host ionic conduction, chitosan has been used to produce activated carbon (AC) [49] . The AC has high specific surface area of ≈ 3500 m 2 g −1 . This is higher than the surface area of AC derived from durian shell [45] . The EDLC fabricated with the chitosanbased AC exhibited a capacitance of 338 F g −1 at 2 mV s −1 scan rate. The charge-discharge curves showed an inverted 'V' shape indicating excellent EDLC performance.
Izabela Stepniak et al. [7] have prepared a Ch/chitin-based membrane for use in an EDLC. To enable the membrane to host Li + ion conduction, the membrane was soaked in lithium acetate (LiOAc) solution. The researchers also fabricated an EDLC with Ch-LiOAc electrolyte for comparison. The specific discharge capacitances of the EDLCs with films of Ch/chitin and Ch were 96 and 87 F g −1 , respectively. On comparing the first and 10,000th charge/discharge characteristics for the EDLC with the Ch/chitin membrane, it was observed that the device showed excellent capacity retention. The inverted 'V' shape of the charge/discharge curves and the almost 'rectangular' shape of the cyclic voltammogram of the EDLC with Ch/chitin membrane confirm the excellent symbiotic nature among the materials in the cell. From this work, it can be inferred that Ch has potential for use as a host material in EDLC electrolyte. Its performance can be improved by blending with chitin extracted from Ianthella basta sponge.
Chitosan in polymer electrolyte fuel cells (PEFCs)
Application of chitosan electrolyte in fuel cells is a demanding task. Chitosan is receiving a lot of attention as materials for bioelectrolytes and electrodes [45] . Membrane is the core component of polymer electrolyte fuel cells (PEFCs). The search for low-cost, efficient and stable polymer electrolyte has led researchers to study the chitosan biopolymer electrolyte as alternative candidate for possible production of cheaper fuel cells. Vaghari et al. [51] have written an informative review on the use of chitosan-based electrolytes for fuel cells.
Glutaraldehyde cross-linked N-[(2-hydroxy-3-trimethyl-ammonium) propyl] chitosan chloride was blended with crosslinked quaternized PVA [18] . Quaternized PVA has a low mechanical strength and blending with the chitosan derivative improved their performance.
Majid and Arof [52] have applied chitosan-based electrolytes in PEFCs. The electrolyte systems comprise Ch, H 3 PO 4 and Al 2 SiO 5 . The open-circuit voltage of the PEFCs was 0.9 V and the room temperature current density was greater than 200 A m −2 . This again showed that chitosan can be used to host ionic conductivity for fuel cell application.
Wan et al. [53] studied the ionic conductivity of chitosan electrolytes with different molecular weights and degree of deacetylation. They have proposed that chitosan can be used as electrolyte material for alkaline fuel cells.
Wang et al. [54] have incorporated quaternized chitosan with polystyrene. Tensile strength improved and the composite also showed better tolerance to bases. However, ionic conductivity decreased with polystyrene content.
A good direct methanol fuel cell (DMFC) should be fabricated with a polymer electrolyte membrane that only allows a low methanol permeability. Nafion membrane allows a high methanol crossover. Chitosan with desirable proton conductivity has been used in DMFCs [55] . The chitosan electrolyte was added with salt and plasticized for conductivity enhancement [56] . However, excessive water uptake can make the membranes fragile and less robust for fuel cell application. Table 3 lists some materials based on chitosan for DMFC.
In Table 3 , PCh-G1h is a blend of poly(vinyl alcohol) and chitosan with PVA/Ch weight ratio of 90/10 cross-linked in glutaraldehyde for 1 h [57] . Cs2-PTA is Cs2HPW12O40. Ch/Cs2-PTA-5 wt.% is chitosan doped with 5 wt.% caesium phototungstate salt [49] . Ch flakes [58] were prepared from chitin. The power density of the DMFC with the chitosan flakes is 27.78 W m −2 . The Ch/15 wt.% mordenite/30 wt.% sorbitol/60 was prepared at 60°C [59] . The hybrid membrane in [60] consisted of Ch and -SO 3 H-modified zeolite. Data shown are for 2.0 mol L −1 methanol concentration. Methanol permeability was observed to increase with the decrease in zeolite size for the zeolite-filled chitosan membranes as reported in [61] . Ch/PMA [62] was prepared by adding phosphomolybdic acid chitosan, both in solution form. The methanol permeability is about one order of magnitude less than that of Nafion 117. Ch was blended in poly(vinyl pyrrolidone) or PVP (Ch:PVP of 4:1). The polymer blend was cross-linked with glutaraldehyde and sulphuric acid to form GS-Ch/PVP [63] . ChGS-12 is a structurally modified chitosan membrane that was developed by the authors [64] . In ChGS-12/Nafion 112 membrane, two layers of ChGS-12 were coated on Nafion 112 in order to synergize the low methanol permeability of ChGS-12 with the higher proton conductivity of Nafion 112. ChGS-12 is chitosan cross-linked with glutaraldehyde and sulfosuccinic acid. The maximum output power density of the DMFC was 662.5 W m −2 . SHNT [65] are halloysite nanotubes bearing sulphonate polyelectrolyte brushes. SHNT was incorporated in Ch matrix. The proton conductivity of CS/SHNT increases with SHNT content.
Chitosan in dye-sensitized solar cells (DSSCs)
Some examples of dye-sensitized solar cells using chitosan-based electrolytes are listed in Table 4 .
EMImSCN is 1-ethyl 3-methylimidazolium thiocyanate ionic liquid. It has low viscosity. DSSC with 1-butyl-3-methylimidazolium iodide (BMII) used anthocyanin dye as the sensitizer.
As in studies on lithium ion batteries, chitosan was also used as a binder in TiO 2 photoelectrode of the DSSCs. The chitosan-based TiO 2 paste was prepared by mixing nano-TiO 2 particles in a chitosan colloidal solution [71] . The dye used was N719 or Ru(dcbpy) 2 (NCS) 2 and the concentration was 0.5 mmol L −1 ethanol. : in hydrochloric acid *2 : in tartaric acid Table 4 . Some characteristics of DSSCs with chitosan-based electrolytes.
Biological Activities and Application of Marine Polysaccharides
Maiaugree et al. [70] studied DSSCs using an organic disulphide/thiolate solution as the electrolyte. The advantages of this electrolyte are its high transmittance and low corrosiveness. These authors have compared counter-electrodes of Pt, PEDOT-PSS and mangosteen peel carbon. DSSCs were also fabricated using these CEs, but liquid I2/NaI electrolyte.
Summary
As a summary, chitosan and its derivatives have potential for use as electrolytes or binders or as a source for activated carbon. We have given some examples of such uses in this article. Chitosan is a material useful for green technology.
